Abstract. An improved method for the diagnosis of canine parvovirus using in situ hybridization in standard formalin-fixed, paraffin-embedded tissue sections was developed. A digoxigenin-labeled probe complementary to DNA sequences that code for the entire sequence of the capsid protein VP-1 and the middle part of the sequence of the capsid protein VP-2 was designed. Specific histologic localization of canine parvovirus-infected cells was demonstrated in small intestine, tonsil, lymph node, thymus, spleen, heart, liver, and kidney from dogs diagnosed at necropsy with canine parvovirus infection. The in situ hybridization accurately pinpointed the specific sites of viral infection. The detection of canine parvovirus in liver, kidney, and heart tissues together in the same pups could represent an enhanced virulence of this strain of canine parvovirus and suggests a broadened tissue tropism not seen before in Korean strains of canine parvovirus.
Canine parvovirus (CPV) is classified within the family Parvoviridae. The genome of CPV is a linear single-stranded DNA of approximately 5 kb, making it one of the smallest animal DNA viruses.
1,4,15 Dogs infected with CPV may develop acute bloody diarrhea, fever, and dehydration, which are sometimes followed by shock and sudden death. 2, 7, 8, 12, 16 CPV was recognized in 1978 and is now considered endemic in virtually all populations of domestic and wild canines and has been reported to account for up to 26% of the mortality among all viral diseases of dogs. [8] [9] [10] 23 The pathogenesis of CPV has been studied using virus isolation, immunohistochemistry, and in situ hybridization (ISH) techniques. 2, 19, 21 However, in those studies, CPV-specific signals for antigens and nucleic acids were often of low intensity and restricted to lymphoid tissues and intestine. Sensitive assays using the polymerase chain reaction (PCR) to detect CPV DNA also have been developed, 11, 17, 20 but any such analysis requires processing of samples for nucleic acid extraction and thus precludes any morphological evaluation.
A novel diagnostic strategy was developed to specifically detect the target cell populations for viral replication in tissue sections obtained from CPV-infected animals. This method involves the identification of CPV-specific nucleic acid by ISH. A CPV-specific DNA probe was produced by PCR amplification of a genome segment encoding capsid proteins VP-1 and VP-2 11, 15 and was used for tracking the distribution of CPVspecific nucleic acid in tissue specimens obtained from naturally infected dogs.
The technique described in the present study can detect CPV-positive cells in various tissue sections from dogs infected with CPV.
Materials and methods
Virus and cell culture. CPV-912 strain (American Type Culture Collection [ATCC] VR-2006) was propagated in Crandell feline kidney (CRFK) (ATCC CCL 94) cell line. CPV-infected and noninfected CRFK cell cultures were used for optimization of ISH and as sources for the DNA template for PCR. CRFK cells were grown in Eagle's minimum essential medium supplemented with 10% fetal calf serum and 100 µg/ml gentamicin. CRFK cells grown in 4-well chamber slides a were infected with CPV at a multiplicity of infection of 5. Cells infected with CPV were fixed at 12, 18, 20, and 24 hr postinfection (PI) for ISH. For ISH, CPV-infected slides were fixed for 20 min at room temperature with a 3:1 mixture of 95% ethanol and glacial acetic acid after removing the supernatant and rinsing with 0.1 M phosphate-buffered saline (PBS, pH 7.4). Following fixation, the slides were stored at 4 C until used.
Case selection and tissue processing. Between 1992 and 1994, 11 male and 14 female dogs of various breeds and between the ages of 6 and 14 weeks of age were submitted to the Pusan Veterinary Service Laboratory for diagnosis. Of the 25 dogs submitted, 17 were dead and had evidence of severe dehydration and diarrhea. The remaining 8 live dogs were anorectic and dehydrated and had diarrhea of varying severity. Live dogs were euthanized by an intravenous overdose of sodium pentobarbital. At necropsy, segmental hyperemia and hemorrhage of the duodenal, jejunal, and ileal serosa were noted. Delicate strands of fibrin were occasion-ally attached to the damaged mucosa. Diphtheritic membranes were seen in some dogs. Peyer's patches often were depressed and had a crateriform appearance. Intestinal contents were mucoid to hemorrhagic.
Sections of tonsil, thymus, heart, lung, liver, spleen, kidney, and adrenal gland and defined areas of peripheral and mesenteric lymph node, mid-duodenum, proximal, mid-, and distal jejunum, ileum, and colon were fixed in 10% buffered formalin and embedded in paraffin for routine histopathologic examination. Sections 5 µm thick were cut and mounted on slides.
b Microscopically, in 16 of 25 dogs (dogs 7-22), there was diffuse necrosis of enterocytes. Intestinal crypts were distorted and lined with severely attenuated epithelial cells that rarely contained intranuclear inclusions. Infiltration of the lamina propria by inflammatory cells was seen. Marked lymphoid depletion and necrosis had occurred in Peyer's patches and splenic and thymic follicles. Mild interstitial myocarditis was evident. Severity and extent of lesions differed among individual dogs. In 3 of 25 dogs (dogs 23-25), microscopic lesions were found only in the ileal mucosa and consisted of mild epithelial cell necrosis accompanied by invasion of the lamina propria by moderate numbers of neutrophils and lymphocytes. Lesions were not detected in any extraintestinal tissue. The initial diagnosis of canine parvovirus enteritis was made on the basis of clinical signs and typical gross and microscopic lesions in 16 of 25 dogs. The remaining 6 dogs (dogs 1-6) with diarrhea were diagnosed as having an enteritis that clinically mimicked CPV, but lesions typical of CPV were not observed microscopically in the intestine; however, a mild interstitial myocarditis was seen in each dog. Two conventional dogs that were seronegative for CPV and free of clinical signs were used as negative controls.
PCR. The primers used were targeted for the amplification of VP-1 and VP-2 genes.
11,15 The sense and antisense primers were 5'-ATGGCACCTCCGGGCAAAGA-3' (nucleotides 2285-2303) and 5'-CATCTGGATCTGTACCATGG-3' (nucleotides 3484-3503), respectively.
The template DNA for PCR was extracted from CPVinfected CRFK. The cell suspension was heated using a heating block at 100 C for 10 min. Cells were centrifuged at 14,000 x g for 3 min to remove debris, and the supernatant was collected and stored at -20 C until used.
A PCR reaction was set up in 100 µl of 1 x PCR buffer (10 mM Tris-HCl, pH 9.0, 50 mM MgCl 2 , 0.2 mM of each of the dNTPs) and 100 pmol of each of the sense and antisense primers. After addition of 2.5 U of Taq DNA polymerase and 100 µl of a mineral oil overlay, PCR mixtures were cycled 30 times through denaturation at 94 C for 30 sec, annealing at 55 C for 2 min, and extension at 72 C for 2 min. For product visualization, 10 µl of the amplified PCR products was used for 1% agarose gel electrophoresis and stained with ethidium bromide. The amplified 1.2-kb DNA fragment was purified from the agarose gel using a commercially available kit .c
Probepreparation. The probe derived from CPV sequences encoding the entire capsid protein VP-1 and a portion of the VP-2 gene was labeled by random priming and incorporation of digoxigenin-dUTP (DIG) following the manufacturer's recommendations. Pretreatment of slides for ISH. ISH was performed essentially as described previously 5 with some modifications. Paraffin-embedded sections (5 µm thick) were placed on slides b and deparaffinized. Sections were rehydrated and equilibrated in PBS for 1 min. Deproteinization of sections was carried out by incubating the sections in 0.2 N HCl for 20 min at room temperature, washing with distilled water for 1 min, and digesting with proteinase K e in PBS (4 µg/ml for cells and 20 µg/ml for tissues) for 20 min at 37 C. As a specificity control, CPV-infected cells were treated with DNase e (100 µg/ml in 100 mM Tris-HCl, pH 7.4) for 20 min at 37 C to remove target DNA. After digestion, all tissues were fixed in 4% paraformaldehyde in PBS for 5 min. After rinsing with PBS twice, slides were acetylated in 300 ml of 0.1 mM triethanolamine-HCl buffer (pH 8.0) to which 0.75 ml of acetic anhydride (0.25% final) had been added. After 5 min, 0.75 ml of acetic anhydride was added for an additional 5 min. Slides were then rinsed in distilled water. Sections were then denatured for 15 min at 65 C in 99% deionized formamide/0.1 x standard saline citrate (SSC), washed in ice cold 0.1 x SSC, and dehydrated in a graded series of ethanol solutions.
ISH. The hybridization mixture contained 50% deionized formamide, 4 x SSC, 10% dextran sulfate, 1 x Denhardt's solution (0.02% Ficoll 400, 0.02% polyvinylpyrrolidone, 0.02% bovine serum albumin), 2 mM ethelynediaminetetraacetic acid (EDTA), and 500 µg/ml salmon testis DNA. g Labeled probes (1 ng/µl) were diluted in 500 µl of hybridization mixture, heated for 10 min in a 100 C heating block, and quenched on ice. Forty-five microliters of probe mixture was applied to each slide, and hybridization was performed overnight at 42 C. After hybridization, sections were washed twice in 4 x SSC for 5 min at room temperature, once in 2 x SSC for 5 min at 37 C, once in 0.2 x SSC containing 60% formamide for 5 min at 37 C, twice in 2 x SSC for 5 min at room temperature, twice in 0.2 x SSC for 5 min at room temperature, and once in buffer I (100 mM maleic acid, 150 mM NaCl, pH 7.5) for 5 min at room temperature.
Immunohistologic detection of hybridized CPV-DNA probe. To reduce background staining, slides were preincubated with buffer II (1% blocking reagent in buffer I) for 40 min at room temperature. Antidigoxigenin-alkaline phosphatase conjugate was freshly diluted to 1:500 in buffer II and then added to tissue sections. Incubation of sections was carried out for 2 hr in a humidified chamber at room temperature. Sections were then washed twice in buffer I for 5 min at room temperature and once in buffer III (100 mM Tris-HCl, 100 mM NaCl, 50 mM MgCl 2 , pH 9.5) for 5 min at room temperature. Tissue sections were incubated with color substrate solution. The color solution consisted of 45 µl of nitroblue tetrazolium salt (75 mg/ml in 70% dimethyl formamide) and 35 µl of 5-bromo-4-chloro-3-indolylphosphate, toluidinium salt (50 mg/ml in dimethylformamide) in 10 ml of buffer III. The reaction was incubated for 1-2 hr in the dark. The color reaction was stopped with TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). Counterstaining was done with 0.5% methyl green, and the slides were then washed with distilled water for 1 min and dried completely. Slides were dipped in xylene and coverslips were applied h before microscopic examination.
Results
observed in the cortex (Fig. 1C) and the interlobular In situ detection of CPV on the chamber slides. The specificity of the DNA probe for ISH detection was assessed in vitro using CPV-infected cells. A positive signal by ISH with CPV-specific probe could be detected as early as 12 hours PI. Initially, the signal was only seen in the nucleus, but as time progressed the signal was observed in both the nucleus and the cytoplasm. These signals were specific for infected cultures, and no signal was observed in noninfected and DNase-treated infected cell cultures slides at any time.
In situ detection of CPV in tissue sections. The ISH results of the study are summarized in Table 1 . Canine parvovirus sequences were detected in hearts of 9 dogs (dogs 1-9) by ISH using a digoxigenin-labeled DNA probe. The signal was specific for CPV; there was no signal in DNase-treated tissue sections. In addition, a positive ISH signal was seen in lymphoid tissues and intestine of 3 (dogs 7-9) of the 9 dogs. Tissues other than heart from the other dogs (dogs 1-6) were negative by ISH even though clinical symptoms suggestive of CPV were observed. The CPV-specific probe did not detect CPV DNA in 3 (dogs 23-25) of 25 dogs where lesions were extremely mild.
The specificity of the ISH reaction indicated CPV infection in heart specimens. Positively staining myocardiocytes typically displayed dark blue nuclear deposits in 9 (dogs 1-9) of 25 dogs (Fig. 1A) .
ISH was used to detect CPV in tissue specimens. This technique is a rapid and sensitive method for the detection of CPV in infected animals. Techniques using isotopically labeled probes require longer incubation for development of CPV-specific signals within infected cells. The digoxigenin-labeled probes provide a more rapid method of CPV DNA detection. The 1.2-kb DNA probe may be more sensitive than the smaller DNA probes employed in biotin-streptavidin detection systems 21 because the larger probe anneals to a larger portion of the 5-kb CPV genome. In the remaining 13 dogs (dogs 10-22), there was lymphoid necrosis and depletion of lymphocytes from CPV was detected in myocardial cells in 9 of 25 dogs examined, indicating the presence of CPV-associated lymph node, thymus, and tonsil. The strongest and most consistent ISH-positive signals were observed in myocarditis in natural infections despite the paucity the germinal centers of lymphoid follicles (Fig. 1B) and of reports of myocardial infection. In 13 dogs, histopathologic and ISH results were identical to those in in the peripheral zone and cortex of the mesenteric lymph nodes. Numerous positive-staining cells were other reports describing the presence of CPV antigens and CPV nucleic acids in both naturally and experilymphatic ducts of the thymus. CPV-positive signals were observed in desquamated and cryptal epithelium of the duodenum (Fig. 1D) and jejunum, ileum, colon. ISH-positive signal also was seen in Peyer's patches of the ileum. Compared with other lymphoid tissues, the spleen and tonsil contained low numbers of positive cells, which were scattered randomly throughout both the follicles and the red pulp (data not shown). ISHpositive signals also were present in Kupffer cells (Fig.  1E) . Renal glomerular epithelial cells contained extensive intranuclear deposits of positively staining CPV nucleic acids (Fig. 1F) . Canine parvovirus DNA was not detected in the seronegative control dogs used as controls. mentally infected dogs. 2, 21, 22 In addition, CPV-specific in the genome of CPV might have resulted in the alnucleic acids were detected by ISH in many cells of teration of tropism for different tissues.
Discussion
3 Further work the liver and kidney from naturally infected dogs. These defining possible sequence variations must be conresults demonstrate that CPV DNA localizes to organs ducted to determine whether tissue tropism has been not previously known to be infected. Rearrangement altered in these strains. The last reported detection of natural CPV-associated myocarditis in puppies was in 1979.
6 CPV was not detected by ISH in the 3 dogs whose lesions were extremely mild. These dogs were initially diagnosed clinically as being infected with CPV, but microscopic examination of intestine coupled with the ISH results indicated that lesions were probably not a result of CPV infection.
Loss of a single antigenic determinant and the acquisition of new determinants has resulted in new strains of CPV, CPV-2a and CPV-2b. Recent reports of outbreaks indicate that CPV-2a and CPV-2b are more common and more virulent than other strains. 3, 18 Furthermore, clinical disease caused by these strains is less responsive to supportive therapy than is disease caused by the original strains of CPV.
There have been no previous reports of myocarditis associated with CPV-2a and CPV-2b infections.
3 Given that there have been few reports of CPV-induced myocarditis since 1979 and that CPV-2a and CPV-2b are associated with more severe clinical disease, 3 the sequences of the Korean isolates may have similarly diverged from those of the original CPV strains. Further studies of the genomic sequences of these isolates will be needed to support this hypothesis.
Previous reports have documented antigenic drift within CPV isolates in the USA.
14 Sequence data from several Korean isolates indicate that the Korean isolates differ substantially from American isolates, especially in the VP-2 coding regions where the major antigenic diversity resides.
13 Myotropism has not yet been mapped to these sequences. These results suggest the reemergence of Korean strains of CPV that are myotropic and have the potential for inducing myocarditis and enteritis in dogs. Alternatively, myotropism could be the result of mutation(s) in the CPV genome leading to change in tissue tropism of the strain.
This novel application of ISH provides a highly sensitive and fast technique that complements the routine histologic examination of canine tissues suspected of being infected with CPV.
